The provision of high-speed runway exits is one of several alternatives to increase airport runway capacity through reductions in runway occupancy time. The Runway Exit Design Interactive Model developed at Virginia Tech proposes new geometric design standards for high-speed turnoffs and an algorithm to locate optimal runway exits. The results from a limited flight simulation study that was conducted to assess the operational suitability of high-speed runway exits developed at Virginia Tech are presented. The flight simulation experiments were conducted at the Mike Monroney Aeronautical Center in Oklahoma City in a Boeing 727-200, 6-degree-of-freedom, full-motion-base aircraft simulator. The study used six FAA pilots rated in the Boeing 727-200 aircraft to obtain information about the operational suitability of the proposed high-speed exits. Pilot responses were extracted from questionnaires that were administered during the flight-simulation experiments. Aircraft state variable time histories extracted from the flight simulator computer were analyzed to verify the dynamic behavior of the aircraft as high-speed runway exits were negotiated. Two statistical experiments were carried out to evaluate the acceptance of the highspeed exit designs: (a) a two-factor analysis of variance test to verify differences in runway exit speeds and (b) nonparametric tests of pilots questionnaire responses. The results suggest that a new generation of high-speed runway exit geometries could be used to increase runway exit speeds without compromising safety or inducing extra workload on pilots.
Airport congestion has long been recognized as one of the major problems in the air transportation system. There are several ways to increase airport runway capacity and reduce aircraft delay. One approach is to increase runway capacity with the placement of optimally located high-speed runway exits to reduce runway service times.
In previous research conducted at Virginia Tech, new geometric design standards for high-speed runway turnoffs were proposed (1, 2) . A computer simulation and optimization model called the Runway Exit Design Interactive Model (REDIM), was developed to find the optimal location of high-speed runway exits (3) . Runway operational analysis suggested that moderate to small capacity gains can be accomplished with the proper location and geometric tailoring of high-speed exit geometries (1) . However, before its implementation in airport design, the operational suitability of new high-speed geometries should be fully investigated. To complete the calibration and validation study of the REDIM model and to gain more confidence in the model outputs, flight simulation experiments were conducted by FAA and Virginia Tech at the Mike Monroney Aeronautical Center in Oklahoma City. Data collected from a Boeing 727-200 flight simulator was analyzed, and the results are presented in this paper.
BACKGROUND
The simulator used in the experiments was a CAE Electronics Phase C, 6-degree-of-freedom, full-motion simulator owned and operated by the FAA at the Mike Monroney Aeronautical Center in Oklahoma City. The simulator has an SPS-1 visual system capable of displaying dusk and night conditions over a 120-degree field of view. All simulation experiments were carried out in this simulator with the Boeing 727-200 at near its maximum landing weight (68,800 kg) and with an aft center of gravity condition [i.e., 36 percent Mean Aerodynamic Chord (MAC) position]. These parameters simulate the most demanding conditions for ground control with a lightly loaded nose gear. Runway Visual Range conditions for the experiment were set at 732 m (2,400 ft), providing few visual cues to pilots ahead of time and thus simulating poor visibility conditions (in essence, Category I approaches and runway operations). All simulation runs were conducted under night conditions.
Comparison Between FAA Acute-Angle Exit and New Geometries
Four new-generation high-speed geometries designated as RXXYY were developed according to the turnoff algorithms described by Trani et al. (1, 2) . Figure 1 shows the centerline tracks of the five runway exit geometries that were tested. The characteristic shape of each geometry has been derived considering the turning limits of the critical aircraft as dictated by the yaw inertia of the vehicle instead of using a spiral design representation (2) . In the five-letter designator of these new runway geometries, XX represents the design speed in m/s and YY stands for the turnoff exit angle (in degrees). The four turnoff geometries evaluated have different degrees of curvature associated with two design entry speeds (i.e., 30 and 35 m/s) and two different exit angles (i.e., 20 degrees and 30 degrees) used as design parameters. Figure 2 illustrates the differences between the standard FAA acute-angle exit with a 427-m spiral transition and geometry R3530 designed for 35 m/s and with a 30-degree exit angle. The new geometries tested in this analysis were designed with the Boeing 727-200 as the critical aircraft, to be consistent with the flight simulation vehicle. However, heavy aircraft such as the Boeing 747-400 also have been modeled using the algorithms described elsewhere (2) . Figure 2 clearly shows differences in radii of curvature (variable in both exit geometries with increasing stationing), with a significant advantage to the R3530 geometry. Figure 3 shows a computer rendering of R3520 with a scaled Boeing 747 making a high-speed turn.
Another significant difference is the throat taper characteristics. The FAA acute-angle exit uses a fairly aggressive taper, starting at Station 0.0, that quickly brings the high-speed taxiway edges to coin-cide with the 22.9-m-wide taxiway (for Design Group III) at Metric Station 519.0. The R3530 geometry, on the other hand, uses a less pronounced taper starting at Metric Station 250.00 and ending with a 30.5-m-wide taxiway at Metric Station 750.0. The rationale for this design was to provide pilots with more situational awareness and better visual cues while negotiating the turnoff at higher speeds. Finally, another clear difference in the geometric design standards used in these experiments was the distance between runway and taxiway. The FAA currently recommends 152 m (500 ft) as the minimum distance between taxiway and runway centerlines for Design Group III, assuming high-elevation conditions (4). However, in the authors' experience, this value would have been unrealistic because pilots would have to break hard during the turnoff maneuver to decelerate the aircraft to comfortable speeds at the end of the tangent section of the turnoff. The design of the proposed new geometries used a 228-m (750-ft) distance between taxiway and runway centerlines, thus providing pilots with ample deceleration distance on the turnoff tangent section (see Figure 4 ). Pilots praised these design changes during the flight simulation study. On the negative side, the suggested highspeed runway exits require additional pavement and land resource, making them suitable only for future airports or existing airports where space constraints permit relocation of taxiways.
To execute the experiments in a controlled fashion, the man-in-theloop aircraft simulations were divided into two distinct experiments:
1. A set of experiments was devoted to testing the suitability of rapid runway turnoff geometries in "all ground" simulation runs.
2. Experiments assessed the suitability of optimal locations as predicted by the REDIM model using complete approaches starting at the Locator Outer Marker.
The second set of experiments was designed to verify that, under normal landing conditions, pilots would have enough visual cues before a high-speed exit. This phase of the experiments also provided some insight into cockpit procedures and runway exit planning during the landing phase.
The following paragraphs describe in more detail some of the specifics of each experiment.
Runway Turnoff Geometry Assessment
This part of the experiment collected pilot responses for various highspeed runway turnoff geometries. The experiments were conducted by exposing six Boeing 727-200 rated pilots to four high-speed turnoff geometry configurations. The standard FAA acute-angle geometry (with 30-degree exit angle) was used as the baseline scenario, as shown in Table 1 . For each turnoff geometry, three trial runs were attempted by every pilot to gain confidence in the turnoff ahead. Figure 4 gives a graphical representation of the testing scenario of this experiment. The experiments were randomized and blinded to minimize the pilots' learning during the experiment. Each run was evaluated by every pilot using a simple questionnaire (see Figure 5 ). The questionnaire addressed issues related to (a) perceived geometry safety, (b) aircraft steering effort, and (c) overall rating of each turnoff geometry. The questionnaire responses were compared with aircraft state variable traces derived from each simulation run to cross-check for turnoff deficiencies and pilot control behavior.
All output parameters were collected at a sampling rate of once every 2 sec. A 9600 baud-rate modem connection from the CAE flight simulator was used to extract aircraft parameters in real time. Up to 28 parameters were monitored during these experiments to understand aircraft dynamics and pilot behavior. These parameters included indicated airspeed, ground speed, pressure altitude, yaw angle, nose gear compression, left gear compression, longitudinal velocity, lateral velocity, longitudinal acceleration, lateral acceleration, centerline deviations, rudder pedal forces, wind speed, and wind direction, among others. Sample traces of these parameters are shown in Figures 6 and 7. 
DATA EXTRACTION
The data recorded in the Boeing 727-200 flight simulator were extracted using a Matlab postprocessor program. Matlab is a trademark of Mathworks, Inc., and is a general purpose engineering software that was developed by them. Sample time histories of airspeed parameters are shown in Figures 6 and 7 . Figure 4 shows a composite plot of aircraft airspeed-time and airspeed-distance profiles on geometry R3020 throughout the time span of a simulation run. By extracting milestone points, runway exit speeds were estimated for all five scenarios tested. This information was used in the statistical analysis, which is discussed in the next section. Figure 7 shows airspeed-distance profiles as the aircraft negotiates the high-speed turnoff geometry. In general, it was observed that pilots could track the centerline of the new high-speed exit geometries without heavy rudder control or tiler inputs. Further anecdotal evidence was obtained from the study of pilot questionnaire responses.
EXPERIMENTAL DESIGN
Based on the information collected from the flight simulator and questionnaires, two statistical experiments were formulated to assess the feasibility and acceptance of the proposed high-speed exit designs: (a) a two-factor analysis of variance (ANOVA) experiment to compare exit speeds and (2) nonparametric tests of pilot questionnaire responses.
Two-Factor ANOVA Analysis of Exit Speed Parameter
The REDIM turnoff geometries were designed to allow higher exit speeds than current FAA standard exit turnoffs (2) . The relevant data collected from the flight simulation was analyzed to see if there were any significant differences between the new geometries and current FAA acute-angle exit in terms of exit speed. Table 2 gives a summary information about the runway exit speeds for five geometries tested in this experiment. The runway exit speed is measured at an arbitrary point located 76.2 m (250 ft) ahead of the first heading change of the centerline runway geometry. This definition is consistent with the point of interception of the runway exit centerline markings.
Before the experiment, each pilot was briefed on the design characteristics of the high-speed runway exits. They became aware of the design speed limits of each turnoff geometry and were asked to take each runway exit at the maximum "safe" speed that they judged appropriate.
In this experimental design, runway exit geometry was considered as the main factor. However, to reduce experimental error, a second factor-each pilot-was also considered. All of the pilots in the flight simulation experiment had different levels of flight experience and total flight times in the Boeing 727-200. By considering this second factor, the variation between pilots, which is most likely significant compared to the uniformity of one pilot, could be removed from the experimental error in the analysis of variance. Although the pilot effect on exit speed was not of primary interest in this study, a twofactor ANOVA analysis was conducted in the evaluation to deduce possible interactions between pilot and exit geometry.
The two-factor experiment was carried out for every combination of two turnoff geometries. The mathematical expression of this test can be written as (5,6 ): where y ijk = the observed kth trial exit speed by pilot j on ith turnoff geometry, µ = the mean of exit speed, α i = the effect of ith geometry, β j = the effect of jth pilot, (αβ) ij = the interaction effect, and ⑀ ijk = the term for random errors.
A significance level of 0.05 was selected to test the following hypotheses:
• Hypothesis 1-There is no significant interaction between the turnoff geometries and the pilots, [i.e., (αβ) ij = 0].
• Hypothesis 2-There is no major difference in the exit speed when different exit geometries are tested, (i.e., α i = 0).
The results of the experiment, shown in Table 3 , indicate that there are significant differences in pilot behavior when comparing the new REDIM geometries and the current FAA standard geometry. The interaction between the exit geometries and the pilots is not significant (p > 0.5). The exit speed differences recorded in this experiment could be attributed to the better design of the throat section of the turnoff, which gives pilots more situational awareness during the high-speed maneuver (see Figure 1) . However, the difference between all four new high-speed turnoffs is not statistically significant. Although the exit angle of 20 degrees was preferred by most pilots in the questionnaires, it did not appear to have much impact on the observed exit speed behavior. In these experiments, the pilots elected to negotiate runway exits at very high ground speeds (ranging from 46.7 to 50.1 m/s for all new high-speed exits). These speeds are about 30 percent higher than the geometric design limits of each runway exit (i.e., 30-35 m/s). In practice, these speeds will not be achievable because the passenger comfort factor is an important consideration. It should be realized that a flight simulator can only replicate onset rate speeds and accelerations due to the limited range of travel of the hydraulic motion base mechanism. It is suspected that this inherent limitation precluded pilots from perceiving correct long-term lateral acceleration cues that otherwise would have influenced their judgment to choose more realistic exit speeds.
Nonparametric Tests of Questionnaire Responses
The objective of the second test was to find out the difference between the new REDIM geometries and the FAA standard geometry considering safety, steering effort, and overall acceptance. After each simulation run in the experiment, pilots were asked to answer a short questionnaire. This procedure was also beneficial because it allowed FAA personnel to load computer-generated visuals containing all of the runway and exit geometry information to the simulator computer. Three parameters were chosen for the evaluation of highspeed turnoff geometries: safety, steering requirements, and overall assessment. The rating scale that was used varied from 1 to 7 for all questions to ensure continuity in the results. In the scale, 7 was associated with a poor design and great steering effort to keep the aircraft on the turnoff centerline. A value of 1 was associated with good geometric design and easy aircraft steering requirements. A summary of all questionnaire responses collected is shown in Table 4 . 
TABLE 2 Summary of Exit Speeds
Several factors were considered in choosing a nonparametric statistic method to test questionnaire responses: (a) for each geometry, the observations may not come from normal distributions; (b) only a small sample size was available (seven data points for each geometry); (c) all of the observations were defined in ordinal scales instead of defined in ratio scales; and (d) to separate pilot effects, observations should be paired to remove external errors (7) .
A Wilcoxon's signed rank test was used to compare the means of five treatments (five geometries) for each of the three evaluation parameters-safety, steering effort, and overall acceptance. This test is equivalent to a paired t-test in nonparametric statistics. Its main advantage is that no assumption has to be made about the underlying distribution of the data set (5) . Taking FAA standard acute-angle exit as the baseline scenario, three hypotheses to be tested were as follows:
1. The proposed geometries have better safety features than standard FAA acute angle design.
2. The new geometries require less steering effort in the turnoff maneuver.
3. Overall, the new geometries are better than the FAA acuteangle high-speed exit.
The significance level of 0.05 was used in these tests. Table 5 shows the results of the Wilcoxon's signed rank tests of the pilot questionnaire responses. Judging from the p values in this table (p > 0.909), one can conclude that the level of safety of the new high-speed runway exit geometries was better than that of the FAA acute-angle turnoff geometry. The steering effort required to negotiate all turns was less demanding, and the overall performance of the new geometries was judged to be better. The results also show that differences among all four new exit geometries were not significant.
In summary, the results of this experiment indicate that new highspeed runway exits could be used to increase exit speed without compromising safety or inducing extra workload. By increasing exit speed runway occupancy, time can be reduced and, under certain conditions, runway capacity could be increased. Data gathered during the second phase of the experiments (i.e., full approaches and landing roll simulations) indicates that a Boeing 727-200 could achieve consistent runway occupancy times below 37 sec with 95 percent reliability. Compared with airfield observations reported by Trani et al. (8) , this represents a 6-to 9-s reduction in typical runway occupancy times, which could translate into three to four operations per hour under busy runway demand conditions.
CONCLUSIONS
The preliminary results presented in this paper show that new highspeed runway exit geometry standards have desirable operational capabilities without decreasing safety margin. These new runway exits can be negotiated at higher exit speeds with reasonable steering effort and without imposing heavy lateral loads in the landing gear (based on the recorded simulator lateral accelerations).
Pilots praised the geometric design features of the new turnoffs because they felt more comfortable in the transition from a 45-m-wide runway to a 30.5-m-wide high-speed exit instead of the 22.9 m recommended by the FAA for Design Group III (3). All pilots praised the longer taper geometry and the longer distance between runway and parallel taxiways. It is recommended that future high-speed exit designs use these taper and turnoff width characteristics to improve their practical acceptance. Moreover, pilots were able to negotiate the new geometries 10 to 15 m/s faster than the FAA acute-angle exit at the same level of perceived safety.
RECOMMENDATIONS
In this flight simulation experiment, all the data were obtained from a Boeing 727-200 flight simulator. To improve understanding of landing roll practices in the field as they affect pilot behavior while negotiating high-speed exits, more experiments with other aircraft types should be conducted. Future experiments could include testing of advanced high-speed exit guidance cockpit cueing systems integrated to either a Multifunction Cockpit Display or a Head-Up Display.
Due to the limited bandwidth of the data extraction mechanism used in this experiment, the aircraft state variables were coarse in time, thus missing some details of the actual aircraft behavior during the simulation runs. Future pilot behavioral studies should sample state variables at a faster rate to produce better-quality data for further analysis.
Evaluations with a Boeing 727-200 aircraft in the field should be conducted to correlate the simulator-observed exit speeds and those of a real vehicle under similar conditions. This study would yield a scaling factor that could be used, in turn, to validate computer models that estimate runway occupancy time.
It is recommended that more aircraft types be included in future high-speed runway exit studies to understand possible differences among vehicles taking high-speed exits. Future studies should include analysis of heavy vehicles with complex landing gear configurations.
